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HIGH VOLTAGE K,-BAND GYROTRON EXPERIMENT

I. Introduc+tion ¥

The Cyclotron Resonance Maser (CRM) is under develorment as a
versatile millimeter-wave radiation source capable of hich peak and
average power and hich effiziencv. To date the highest nowers and
afficiencies have been achieved bv CRM oscillators havinag the "gyrotron"
confiquration. In this device, an electron beam with high transverse
momentum and propagating in a strong applied magnetic field interacts
with a wavequide mode which is close to cutoff. Coherent radiation is
generated near the cyclotron fregquency or one of its harmonics.
Research on gyrotrons was recently reviewed by Flvagin et al. [1].

Manv of the earliest cyclotron maser experiments wera carried cut
at high currents and voltages (kA's at 21 MeV) emploving short-duration
oulses ({100 nsec) provided bv pulseline accelerators using plasma-

induced field emission (cold) cathodes. These devices tvoically used

beams with low values of the pitch ratio a vl/v", which is a measure
of the free enerqgy available to the interaction, and with larqge spreads
in velocity and energv. The devices were usuallv operated in a
superradiant mode, or lacked well-defined cavity structures. Such
<avisces produced impressive cowers (oftan >>100 MW), but =tveicallv at
relatively low efficiencies. Ffor example, Granatstein and coworkers .
obtained X-band microwave power as high as 1 GW using a 3.3 MeV, 80 ka

alectron beam [2]. On the other hand, recent millimeter-wave gyrotron

oscillator development has emphasizad high average power devices based

en thernicnic diode technology and using well-defined microwave cavity

Manuscript approved August 12, 1983,
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structures. Such devices have produced several hundred kilowatt powers

and high efficiencies (over 50%) using high quality, moderate voltaage

(£100 keV) electron beams with currents of £50 a [3]. Of particular
note. is a 60 GHz gyrotron which has produced 200 kW of cw power at an
efficiency of 40% (4].

Future applications of millimeter-wave radiation, such as advanced
rf accelerators and high power radars, may require sources with very
high peak powers and efficiencies, which will tend to push gvrotrons to
higher voltage operation. Por this reason, it is of interest to return
to cyclotron maser experiments on pulseline accelerators in order to
investigate the peak power potential of true cavity gyrotrons based on
relativistic (0.25-1 MeV), muliti-kA electron heams.

Cold cathode gyrotron experiments have achieved high powers and
efficiencies at conventional microwave frequencies. For instance,
Ginzburg et al. [5] reported 25 MW at 20% efficiency in an experiment at
10 GHz and Didenko et al. [6] reported ~500 MW at 30% efficiency at
3 GHz. In a recent experiment, Voronkov et al. (7] extended this work
to millimeter wavelengths, reporting the production of 23 MW at 40 GHz
with 5% efficiency using a 350 kv, 1.3 kA electron beam produced by a
cold cathode diode. That experiment operated in a TE13 cavity mode and
employed an axially-bifurcated cavity for mode stabhilization. A novel
diode was used to form a relatively high quality, high a (~0.84)
2lectron beam. This is of particular interest since beam formation is a
critical issue for cold cathode gyrotrons operating at millimeter
wavelengths.

Theory and scaling calculations suagest that much higher powers and

efficiences should be achievable in relativistic gvrotron oscillators
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operating at millimeter wavelengths. Improved efficiencies would
require optimization of the cavity design and the heam parameters.
Extension to still higher powers should be possible by increases in the
beam current and voltage., In this paper, we report on the initial
operation of a new high-voltage Ka-band gvrotron experiment that is
designed to explore these issues. This experiment employs a 600 kV,

6 XA short-pulse tebetron pulser to permit investigation of electron
beam formation and gyrotron operation at higher voltages than the
previous work. We plan to extend operation to the more highly overmoded
gyrotron cavities necessary for higher power operation. In this
context, we plan to explore the problems of mode stability in such
cavities for a variety of modes. For instance, whispering-gallery modes
have superior mode competition properties, and may be stable for high-
power single-mode operation without the addition of mode selective
structures, such as the axial slots used to stabilize TE1n modes in the
earlier work. We also plan to investigate efficiency enhancement
through cavity and axial field tapering.

In the initial experiments, a 350-400 keV, 0.5-2 kA electron bheam
was used to produce peak powers of up to ~20 MW at 35 GHz in a TE62 mode
with an estimated efficiency of 8.5%. Stable operation in the TE62 and
other whispering-gallery modes has been obtained in a conventional
cvlindrical gyrotron cavity; this is in contrast to the TE1n gyrotron
studied by Voronkov et al. [7] which wcilized a more complicated cavitv

geometry to achieve mode stability.

II. Experimental Setup

In this work we are investigating qyrotron operation in Ka-band,

principally in the vicinity of 35 GHz, using an electron beam from a

3




N IS S N S AN B i o A e Sate it - M SO il At Nt Al Sl AR Madh B Sl ot Shdh St i i A e cniirs . . . Pl v Wy e T ST W

600 kv, 6 kA, 55 nsec compact Febetron pulser. Figure 1 illustrates the
experimental geometry. A cold cathode dicde configuration based on the
approach of Voronkov et al. [7] is used. The absence of a thermionic
cathode permits experimental operation at the "diffusion-pump" pressures
typical of high voltage, pulsed power experiments, i.e. ~10=5 Torr,
rather than at the ultra-high vacuums necessary in conventional gyrotron

devices., This permits use of oil-ccated high-voltage insulators and

plastic output windows, and generally facilitates rapid changes in the
experimental setup. In the present experiments, operation is typicallvy

at 350-400 kV. A thin annular beam (0.5-2 kA) is launched from the edge

of a 3.8-cm-diam disk-shaped carbon cathode in a foilless diode

configuration. 1Initially, as pointed out by Voronkov et al. [7], the

tranverse velocity is of order viﬁlixg'/sz, where E is the electric

fi2ld near the cathode and is primarily radial with a magnitude of

~1 MV/cm. § is an axial magnetic field of order 10 kG which provides

magnetic insulation for the diode. Thus, initially, SL=VL/C£O‘3' Due

to the edge geometry, a large velocity spread is expected. This

gqualitative behavior is confirmed by electron trajectory calculations

using the Herrmannsfeldt code [8]. The transverse velocity then is

increased by non-adiabatic effects and by magnetic compression as the

beam is transported through a tavered drift tube to an overmoded

Jvrotron cavicy with a radius of ?.60 cm. This tapered reaion is lined i 4
with lossy material to inhibit the buildup of spurious modes. The
electron beam flow and transverse velocity are controlled by a pair of
culsed solenonidal magnets, one producing a "trim" magnetic .eld cof
~10 kG at the cathode and the second producinag up to 25 kG at the

cavity. A soft iron ring is positiored enclosing the electron beam just
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downstream from the trim magnet windings to sharpen the magnetic -
transition from the diode region to the region dominated by the fringing :j

magnetic fields of the main field solenoid. The precise effect on the
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beam of this configuration is difficult to model, but is estimated to

e

efelee
y t e
o a’a

.

give a final a~0.5-1 with considerable spread.

Through variation of the cathode diameter and of the ratio of the

’

~
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magneti: field at the cathode to the field in the aqyrotron cavity, the

beam is positicned on a selected radial rf-field maximum of a desired

cavity mode. (The radius of the beam is accurately determined by »
phctographing the beam-induced fluorescence of a 6~um sheet of ;5
aluminized mylar that is stretched across the beam upstream from the E{

4
cavity.) An appropriate value of magnetic field is chosen at the cavity =
to provide gain at the resonant frequency of the cavity in the desired i
mode. After passage through the gyrotron cavity, the electron beam ;i

expands in the decreasing axial magnetic field of the main magnet, and

is collected on the wall of the output waveguide. The output window is

placed sufficiently far downstream to avoid contact with the electron
beam. ‘
In these experiments, the cavity was designed to be resonant near *ﬂ
N
35 GHz in several possible operating modes, including the 'I‘E10’1 and :;
TE62 modes. The input end of the cavity has a tapered section for 4
: n
efficiency enhancement by contouring the axial profile of the rf field }
[9]., The tapered wall begins below cutoff of the desired mode. The ,i
output end of the cavity is defined by a change in cavity wall slope. ;1
The microwave emission passes through a tapered output coupler to the Ej
final 14-cm diameter of the output waveguide leading to a polyethylene -2
vacuum window. The frequencies of the lowest order TEmnl (2=1) modes in :
8
5 %
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the vicinity of 35 GHz are shown in Fig. 2. The lenath of the cavity
' corresponds to approximately 10 cyclotroiw orbits for a 350 kV electron
beam with a ~ 0.75 and the cavity (¢-factor, neglecting ohmic and mode

conversicn effects, is Q=520 [10]}. This interaction length and O-factor

are longer and higher, respectively, than the values corresponding to
optimum efficiency and power [11], and were chosen conservatively to
b allow cavity startup with electrosn beam currents as low as 100-200 Amps
and a ~ 0.5, The cavity was made from thin stain‘ess steel to allow
rapid penetration of the pulsed magnetic field, and was coated with a

thin layer of gold to reduce ohmic losses.

III. Experimental Results

™e 1nitial tests of the new experimental configuration were

[ N

esigned to characterize and optimize the beam formation process.
Studies were carried out using witness plates, beam masks, fluorescent
screens (12], and a Faraday cup. A variety of cathode diameters,
lengths and materials were employed, and the beam properties studied as
a function of the magnetic field values at the cathode and at the
Jyrotron cavity. In each case, a thin annular bheam is formed and
subsequently compressed as the magnetic field increases from the cathode
<> the gyrctron cavity. The character of the beam trajectories was
studied by forming small beamlets, via a beam mask with four ~0.5 mm
radial slots that was positioned in the vicinity of the cathode, and

studying the beamlet cross sections in the region of the cavitv. This

allows an examination of the beam transverse velocity distribution .

{73]. Each beamlet smears into a larger pattern via phase-mixing of the




Larmor orbits due to electron parallel velocity spread. Ideally, the
mask is positioned before significant phase-mixing of the lLarmor orbits
occurs, so that each slit samples only a single phase of the Larmor
orbits of electrons originating at the cathode. In this case, the
downstream pattern is generated by electrons in each beamlet with a
single guiding center, and the measurement of the heamlet structure via
fluorescent screen measurements can be unfolded into a direct measure of
the distribution function of beam larmor radius (rL), and hence,
transverse velocity VL=QIL' where Q0 is the relativistic cyclotron
frequency. The fluorescent screen measurement produced filled-in
circles, unlike the ring-like patterns seen by Bogdanov et al. [13]
This may have been caused by the presence of greater transverse velocity
spread in our experiment, or by phase-mixing of Larmor orbits upstream
from the mask. Our measurements are consistent with a large spread in
v and a maximunm value of a~1.

A process of optimization of the beam parameters was carried out
consistent with the basic geometry of the diode, drift tube, and
cavity. Following this, a set of microwave generation experiments was
carried out to investigate the experimental gyrotron capabilities with
the optimized beam parameters obtainable without major modifications in
the beam generation system. These microwave studies were carried out
both with standard microwave wavequide (WR-28) components, and via a low
pressure cell in which the photographic observation of microwave-induced
gas breakdown could be used as an experimental diagnostic of the
microwave mode pattern.

The microwave system (see Fig. 3) consisted of a single detection

channel that led from a small microwave pickup (typically located
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adjacent %o the l14-cm-diam polyethylene output window of the experiment)
to a calibrated crystal detector, through ~11 m of WR-28 wavequide, a
20 48 4directional coupler (to reduce the detected signal), a calibrated

rotary-vane attenuator, a Ka-band band-pass filter, and a narrowband

Ui

tep-twist filter [14] that could be used to select varyinag bandwidths
apout a center frequency of 35 GHz. The waveguide pickup was surrounded
ov microwave absorber to avoid substantial reflecticns back into the
axperiment. The experimental pickup was typically just the open end of
a section of Ka—band (WR-28) wavegquide. This pickup could be translated
across the output window using a clamp riding on a section of trianqular
optical bench, and could be rotated via a wavequide twist to sample
either the radial or azimuthal components of the mode as a function of
position across the horizontal diameter of the output window.

The Febetron output voltage waveform has a ~55 nsec "flat-top" with
a 3.2Ww ~15% voltage ripple. For the proper choice of parameters, the
microwave signal will persist for up to ~50 nsec in spite of this
voltage variation, demonstrating the bandwidth of the gyrotron
interaction in a short cavity. More typically, as the main and trim
magnetic fields are varied, the microwave emission will consist of one

2r mcre 10-20 nsec spikes.

figure 4 shows an experimental mode pattern, in both radial and

24

s

azimuthal polarizations, produced at an operating voltage of 350 kW with

a 700 A electron keam and a magnetic field of 13.8 kG. The keam radius

e te T
e g e

was ~1.16 cm and the average pitch ratio & of the beam was estimated to .

Pt
P

be ~0.75. The microwave signal is measured in mW at the crystal

A a8 1"

detector at a fixed level of total attenuation, as a function of

position across the left horizontal radius of the experimental outnut
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window. (The azimuthal symmetry of the emission will be addressed later .
in this paper.) Due to the problem of experimental reproducibility, at

least three experimental discharges were measured in each polarization

at each radial position, and Fig. 4 plots the mean and its standard

deviation for this data. The observed mode pattern is clearly hollow

and has a well-defined radial structure in each polarization. The mode

pattern can be compared to the predicted gyrotron cavity modes that

should be resonant in the vicinity of 35 GHz. (See Fig. 2.) The

1.6 GHz FWHM of the step-twist filter setting used for these

measurements would discriminate against the TE mode at 34 GHz.

33
(Sample measurements with the filter FWHM set as low as 500 MHz, which
would strongly discriminate against the TE33 mode, demonstrated that
TEq, radiation was unimportant for these experimental parameters.)

While there is little similarity between the experimental observations
and either the TE14 or TE10,1 modes shown in Fig. 5, the match with the
TE62 radial mode structure is strong, although the relative amplitudes
of the various radial peaks in each polarization do not agree perfectly
with those predicted for this mode. This observed deviation from the
expected TE62 mode pattern is believed to be due in part to mode
conversion in the output coupler, whose walls expand ocutward at an angle
of 10° from the diameter of the gyrotron cavity to the i.d. of the
output waveaquide that leads to the end of the experimental vacuum

enclosure. Subsequent analysis of the mode conversion process in the

output coupler suggests that up to 50% conversion into other TE6n modes

g

could be expected through the length of this taper, principally into the

TE63 and ‘I‘E61 modes. Such a superposition of modes at the output window

c e,y

could well explain the deviation of Fig. 4 from the predictions for the

TEGZ mode.
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High power gyrotron devices typicallv operate in high order cavity
modes, whose identification is important for the understanding of the
device operation. For this purpose, a breakdown diagnostic was
constructed consisting of a low pressure cell, capable of either side-on
or end-on observation. This cell could either attach directly to the
output window of the experiment, or be coupled to the experimental
ocutput window via a microwave lens which would serve to collimate the
microwave emission. The low-pressure cell could be used to directly
observe the output mode as a breakdown pattern across the face of its
upstream window. This was accomplished by varying the pressure in the
cell until a clear breakdown pattern could be observed on the face of
this window. At appropriate pressures, typically in the range of 10 to
60 Torr, the breakdown would then clearly delineate the position of
electric field maxima across the output window produced by a particular
mode in the ocutput waveguide of the experiment.

The original expectation for this diagnostic was the observation of
clear concentric rings due to the generation of rotating cavity modes in
the gyrotron cavity. The pattern of these rings across a radius could
then be compared directly to radial field predictions for various cavity
modes. Since the radial and azimuthal electric fields are temporally
90° out of phase in any specific waveguide mode, it would be expected
that the breakdown image would display separate rings for the radial
maxima of both the radial and azimuthal electric fields. Such
concentric rings were generally easily observed, as seen in Fiq. 6,
which is for the same parameters as the microwave measurements shown

previously. (Ncte that in order to preserve the concentric ring

10
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structure easily visible on the original photograph, it was necessary
for publication to reproduce Fig. 6 at a much higher contrast than that
of the original image. This has tended to enhance the appearance of
azimuthal asymmetry well beyond that suggested by the original image.)
Fig. 6 displays principal breakdown rings at approximately 3.5, 4.5, and
5.5 cm, in reasonable agreement with the microwave measurements of Fig.
4, However, in many other cases, such as the case illustrated in

Fig. 7, which is for the same cavity magnetic field, but with a ~10%
larger beam radius, a periodic azimuthal structure could also be
observed in the breakdown image. {(Such a pattern would tend to
complicate the results of a radial scan of the microwave emission such
as shown in Fig. 4; however, Fig. 6 shows little sign of such azimuthal
periodicity.) This standing structure allowed a direct determination of
the azimuthal index of the radiation 3imply by counting azimuthal maxima
and dividing the result by two. This feature was particularly valuable
since, as mentioned previously, calculations suggest that the 10° taper
in the cavity output coupler, that connects the 1.60 cm cavity diameter
to the 14 cm diameter of the output waveguide, was capable of generating
up to 50% mode conversion from the original operating mode of the
gyrotron cavity. Such mode conversion would be expected to change the
radial structure of gyrotron cavity mode by transferring energy to modes
of different radial indices, and therefore interfere with the
recognition of the radial structure of the original mode in the pattern
observed with the microwave pickup. However, since the output coupler
is azimuthally symmetric, it would be expected to preserve the azimuthal
mode index. Combining the measured azimuthal index with the predictions

of the mode map (Fig. 2) and the resonant frequency of the experiment

11
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allowed an unambiguous identification of the operating mode in the
cavity. In future experiments, a 5% output taper will be used which
should cause a substantially reduced level of mode conversion.

The azimuthal standing structure could also be observed in side-on
photographs as shown in Fig. 8. These side-on photographs were taken
using a microwave lens to collimate the microwave emission from the
output window, and with a metal reflector further downstream to create
an axial standing structure in the breakdown cell, due to the
interference of emitted and reflected microwave radiation. The result
is the production of a pattern of breakdown streamers at the azimuthal
maxima of the mode, in this case a TE62 mode, that once again allows a
simple determination of the azimuthal mode number. The axial standing
structure occurs at half-wavelength intervals, and could in principle be
used to determine the gyrotron operating frequency. However, for 35-GHz
operation, the frequency is already known to sufficient accuracy via the
waveguide step-twist filter.

The implication of a standing azimuthal breakdown structure is that
the interaction is coupling to both positive and negative azimuthal
indices of the specific operating mode (i.e., to circularly-polarized
modes with both right-hand and left-hand polarization), since the
coherent superposition of the two is required to produce an azimuthal
standing mode. The general clarity of the azimuthal structure in the
breakdown image is most likely a function of the ratio of power in each
of the counterrotating modes. The presence of both counter-rotating
modes may be due in part to finite beam thickness or to slight
decentering of the beam in the gyrotron cavity, since the radial

dependence of the coupling coefficient is different for each mode.
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Using the breakdown technique, simultaneous coupling to both the

and TE modes could be observed on single shots, for which the

TEt10,n +6n

cavity magnetic field was resonant near 35 GHz. Such a case is shown in
Fig. 7, which reveals an azimuthal index of 10 on the outer edge of the
breakdown image, and an azimuthal index of 6 towards the center.
(Whether the two modes were in fact simultaneous, or were sequential
within the single voltage pulse, is not presently determined.) This
observation is consistent with the mode map (Fig. 2) that shows the

nominal resonant cavity frequencies of the TE;q 1.1 mode to be 35.24 and
’ ’

the T3621 mode to be 35.13., By reducing the beam diameter by ~10% by
increasing the ratio of main field to trim field, the TE1O,1 mode
pattern could be suppressed, leaving only the TE62 mode visible in the
breakdown pattern of Fig. 6. Operating with the magnetic field detuned
from 35 GHz operation, still other modes could be identified via their
azimuthal standing-wave signatures combined with their resonant magnetic
fields. By selecting a 24-2 kG magnetic field, a mode with an azimuthal
index of 9 was generated (Fig. 9), which we identified by its resonant

magnetic field as a TE92 mode occurring in the vicinity of 45.8 GHz.

The difficulty in fabricating a sensitive single-pulse calorimeter

to detect the high-order modes present in this experiment has thus far ﬂ
1
prevented a direct measurement of the single-shot microwave energy. o)

Instead, since the entire detection system, with the exception of the

coupling to the WR-28 microwave pickup, was absolutely calibrated, it is

possible to estimate the total microwave power in the experiment by -
integrating the detected power in both radial and azimuthal H
<
¢
polarizations over the face of the output window. To do this, we assume “~

.
2

that the emission is locally (on the scale length of the wavequide

13
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pickup) very similar to a plane wave, and assume that all the energy
striking the waveguide aperture in the correct polarization is coupled
into the waveguide. (We did not calibrate the coupling coefficient
through the waveguide aperture, but we believe that the assumption of
100% coupling will somewhat underestimate the true power.) In addition,
we assume that the power distribution is azimuthally symmetric. (Sample
measurements at the radial maxima of |Er|2 and 'Ee'z along the four
horizontal and vertical radii demonstrated substantial [%2 dB)
asymmetries, but in each case the left horizontal radius plotted in

Fig. 4 was found to be within 1 dB of the mean value for the four

radii.) We account for the following factors: waveguide loss at 35 GHz

between the experiment and the screen room; the fractional coupling in a
directional coupler; the setting on an in-line calibrated attenuator;
and the insertion loss of the waveguide filters. Power measurements are
then performed with a Ka-band crystal detector. €ETach of the passive
components was calibrated at 35 GHz by substitution against a calibrated
rotary-vane attenuator, and the crystal detector was absolutely
calibrated at 35 GHz against a thermistor power meter over the entire
range of detected signals, so that it was not necessary to assume
detector linearity.

Averaging the detected microwave signal shown in Fig. 4 over the
measured mode pattern via the assumption of azimuthal symmetry, we find
an average signal of ~1.3 mW in both radial and azimuthal
polarizations. Adding these together (3 dB) and increasing this value
by the ratioc of the waveguide aperture to the area of the output window
(28 dB as a power ratio) to sum over the output window, and by

calibrated wavequide loss (12 dB), directional coupler loss (20 d4B),
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attenuator setting (38 dB), and filter insertion loss (1 dB), produces
an estimated emitted power of 20 MW, Given the problem of azimuthal
asymmetries, the concern for the precise coupling coefficient into the
waveguide aperture, and the problem of small calibration errors for each
of the microwave components, we estimate that the overall error of this
measuring process is t+3 dB. 'The data in Figs. 4 and 6 suggest that this
power is produced principally in a TE62 mode, but no assumption to this

effect has been used in the power determination.
IV. Theory

The theory of gyrotrons with relativistic beams is similar to that
of gyrotrons with weakly relativistic beams, and has been reviewed by
Bratman et al. [15]. In gyrotrons, the optimum efficiency scales as
n~[Nc(1—Y;1)]—l, where Yo is the relativistic factor and N, is the
number of cyclotron orbits occurring in the cavity. Thus, to obtain
efficient high voltage operation, the interaction length should be
short. Peak efficiency occurs for Nc~5-10, compared to the optimum of
Nc~15-30 for a 70 keV beam. This leads to a wider interaction bandwidth
at higher voltage, and the increased probability of mode competition in
overmoded cavities.

Estimates of efficiency and starting currents for TE modes with
resonant frequencies near 35 GHz were obtained by integrating the
equations of motion for an electron in a prescribed cavity field and
averaging over the phase of the electron entering the cavity. The

output power was found from the power balance relation Pw=»W/o, where w "]

is the wave frequency (rad/sec), W is the cavity stored energy, and ¢
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is the cold cavity Q-factor. The corresponding beam power PB was found
by applying the power balance relation Pw=nPB, where n is the
efficiency. A tractable set of equations hased on a previously
developed slow-time-scale formulation was used. For this application
the equations derived in [16] for the interaction with a single TE mode
have been generalized to include the interaction with the rf magnetic
field components. The axial profile of the cavity rf field and the
cavity Q-factor and resonant frequencies were calculated for the cavity
shown in Fig. 1 using weakly irregular wavegquide theory as discussed in
[10]. The present calculations do not include electron beam velocity
spread, self-field effects, or electron beam loading effects on the
cavity rf fields. The latter effects, for weakly relativistic
gyrotrons, have been considered by Lau {17] for an axicentered electron
beam in a cylindrical wavegquide, and by Fliflet et al. [16] for low O
gyromonotrons. Lau's results indicate that the beam loading effect on
the transverse structure of the rf fields is small. Fliflet et al.
showed that electron beam loading affects the axial profile of the rf
fields, and thus the loaded Q and operating frequency of gyrotron
oscillators, but that the minimum starting current and maximum
efficiency are not significantly changed. However, these conclusions
may need to be modified for the present high current regime, and are
under investigation.

The present calculations consider the interaction of the electron

beam with a circularly-polarized rf mode of the form

(o) 4

= Re {; (r,28,2z) f{z) el(wt-me)}




Rt
S

4

>
where w is the wave frequency, e(r,9,z) is a transverse vector mode

’
ool

function {16], and f(z) is the axial profile function. The sign of m
determines the direction of rotation. For positive m, the dc beam
current required to sustain a given electric field magnitude in the

:: cavity will be inversely proportional to the square of the normalized
electron beam-rf mode coupling coefficient for a TE mode, which is

given by

. 1 g _ (kR
_. ct = n=s (2)

o 2.2 1/2 R
L7T(1 -~ m /xmnj J (= ) w

where Jm is a reqular Bessel function, s is the harmonic number, Xn is

the nth zero of dJm(x)/dx, R_. is the electron orbit quiding center

o]

radius, Rw is the cavity wall radius, and k /Rw is the tranverse

mn” *mn
wave number. For negative m, the coupling coefficient (C”) is given by
- Egq. (2) with m replaced by ‘ml and Jm-s(kmnRo) replaced by

(-1)8S Jm+s(kmnRo)' The values of the squares of the coupling
coefficients, which is a measure of the strength of the coupling of the
electron beam to the rf electric fields, are shown for the TE16,2 and
TEt1o,1 modes in Fig. 10. The solid curves correspond to positive m and

o the dashed to negative m. The experimental electron beam radius

obtained by optimizing the experimental parameters with respect to

- output power at 35 GHz is also shown in Fig. 10. This position is

evidently close to optimum for coupling to the circularly-polarized

1

TE-62 mode, whose rotation direction is opposite to that of the electron
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The threshold currents for oscillation ("starting currents") were

calculated for the TE TE ™=

AT B WO

+6,2" +10,17 +1,4 and TEt3,3 modes by
considering the limit
P (E)
I = lim  —a
“th Vn(E ) '
o e}

E »0
o

where Ey is the maximum cavity electric field amplitude and Vs is the
beam voltage., As shown in Fig. 2, the resonant frequencies of the first

three transverse modes are within a few hundred MHz of 35 GHz and would

be transmitted by the narrowband filter used in the experiment. The

F last mode resonates at 34.0 Ghz, but due to the wide bandwidth of the
‘; interaction (Aw/w~N;1~O.1), is a possible competing mode. Starting
currents for the TE_6'2, TE10’1 and TE_3,3 modes for the experimentallf

observed e-beam radius of 1.16 cm are shown in Fig. 11. The minimum

starting currents for the TE,, modes are found to be much larger (>1kA)
at this e-beam position. Fig. 11 shows, as expected from Fig. 10, that
the TE-6,2 mcde has the lowest starting current (~50A) and is therefore
nost likely to be excited. This is consistent with the data obtained in
the experiment. As the e-beam radius is increased, the starting current
of the TE10,1 mode decreases and the excitation of this mode becomes
more probable, again in agreement with the gas breakdown measurements.
The calculated electronic efficiency and output power for the
TE_6'2 mode as a function of electron beam current, optimized with

respect to magnetic field, are shown in Fig. 12. The calculations use

the experimentally determined electron beam energy of 350 keV and assume
a = 0.75. The measured value of & has a large uncertainly bhut the data
indicates that <a> £ 1 and that there is a large spread in this ratio. l

We note that even a large velocity spread is not expected to greatly

18
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reduce the gvrotron efficiency. Wwith the above parameters the maximum
efficiency (~17%) for the present cavity occurs at approximately

250 Amps. For the operating curren* of ~700 A, the calculated
efficiency is 11% which is in good agreement with the experimental value
of ~8.5%.

The power obtainable from high voltage avrotrons is ultimately
limited by space-charge depression of the electron beam voltage.
However, we find this effect to be small for the present operating
parameters, since the estimated voltage drop due to beam space-charge is

approximately 20 kv, implying a 2.5% change in YO.

V. Discussion

The present experimental configuration has succeeded in generating
an estimated 20 MW at an electronic efficiencyv of 8.5% in the vicinity
of 35 GHz, using a ~350 kev, ~700 A beam from a compact Febetron
pulser. COperation has been observed in the TE_62 mode, although the
mode purity of the output radiation appears somewhat degraded. For some
peam radii, coupling to the TE+6'2 was also evident. Additional

coupling to the TE modes was also observed near 35 GHz for large

+£10,1
beam radii, and other cavity modes were generated at other frequencies
when the axial magnetic field at the cavity was detuned from 35 GHz
operation.

Although further investigation is needed, the present data suggests
that the use of whispering-gallery modes will permit efficient single-

mode operation in relativistic gyrotrons using overmoded cavities

without the use of transverse mode-selective structures such as the

19




slotted or bifurcated cavities used to stabilize TEyq modes. This has
certain advantages such as higher intrinsic efficiency and simplified
gyrotron design. As expected, the observed operating mode is the one
with the lowest starting current.

The principal limiting factor in the present experiment is believed
to pe the electron beam used in the interaction. Limitations on the
original diode design have not permitted us to produce a 600 kv, 2 kA
beam with a~1 as originally intended, and experimentally we are limited
to somewhat lower values of each of these parameters. With the intended
beam parameters, output powers in the 100-200 MW range are expected
{11]. Based on our calculations, the observed experimental operation
(~20 MW) is consistent with that which would be expected for the present
beam parameters (350 kv, 0.7 kA, a~0.75), and large improvements in the
power and efficiency cannot be achieved without improvements in the
beam. For this reason, an improved beam formation system has been
designed, and will be tested in the near future. In this new scheme,
initial beam formation will be separated from the addition of transverse
xinetic energy. Transverse energy will be provided either through
resonant pumping via a transverse wiggler magnetic field, or by passage
through a nonadiabatic step in magnetic field. We are also
investigating the use of a beam formation technigue involving the
adiakatic compression of a beam prcduced from a MIG-like qun desiagned

8 With the production of a suitable

for operation at high voltage.1
beam, the gyrotron cavity will be redesigned and the cavitv O-factor
lowered to permit higher power operation, since the present cavity was

designed principally for low starting current operation consistent with

our present derated beam parameters.

20
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